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HYDROGEN MASER FREQUENCY TRANSLATOR

INTRODUCTION

A frequency translator, derived from the Naval Research Laboratory's hydrogen
maser, has been designed, constructed, and operated.* The device, which operates in the
uhf band at a frequency of 1420.40575178 MHz, is configured as a classical regenerative
divider; its output is a greatly amplified and highly stable submultiple (1/3) of the original
input frequency. Since the output signal from the maser is extremely weak, a significant
amplification is required before divider action can take place. The amplified submultiple
output signal is derived solely from the hyperfine transition frequency of the hydrogen
atom and is of sufficient magnitude to permit further processing with synthesizer, digital,
or phase-lock techniques to produce stable frequencies from dc to uhf.

CIRCUIT DESCRIPTION

The NRL hydrogen maser frequency translator (Fig. 1) is a classical regenerative
divider which has been redesigned for operation at extremely high frequency and low input
level. The amplified maser signal of 1420+ MHz is applied to the rf port of a double-balanced
mixer. The output, or i.f. port, of this mixer feeds an amplifier at one-third of the maser
frequency, or 473+ MHz. This signal is then applied to a frequency doubler, whose output
is returned to the local-oscillator input port of the mixer, thus completing the regenerative
feedback path. Divider action is initiated by momentarily injecting a 473-MHz signal into
the loop. The necessary loop-transfer function to sustain oscillation is obtained through
the use of amplifiers, a cavity resonator, and tuned circuits.

TUNNEL HYBRID HYBRID BRID
H fH DIODE AMP AMP TEIO AMP AMP TEM AM

MASER 3X X12

I OdB BdB 40dB 40dB

2fH/ MIXER IfHLO RF

OUT PUTH
f H /3 4 3

fH = 1420.40575178 MHz

Fig. 1 - Block diagram of hydrogen maser frequency translator

Note: Manuscript submitted January 24, 1975.
*R. Vessot, et al., "An Intercomparison of Hydrogen and Cesium Frequency Standards," IEEE Trans. on

Instrumentation and Measurement, Vol. IM-15, No. 4, pp. 165-176, Dec. 1966.
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AMPLIFIER CHAIN

The principal difficulty to be overcome in effecting the translator function is that of
obtaining sufficient amplification of the very weak hydrogen-maser output signal (nominally
-110 dBm) without substantially degrading its signal-to-noise ratio. An amplifier chain con-
sisting of a low-noise tunnel diode amplifier followed by three wideband thin-film hybrid
amplifiers was designed for the purpose. Some of the more important parameters of these
amplifiers are shown in Table 1.

Table 1
Frequency Translator Amplifier Parameters

Gain Max. Output
Amplif~ier at 1420 MHz Bandwidth Noise Figure Level

(dB) About 1420 MHz (dB) (dBm)

Tunnel diode 10 60 MHz 3.4 -41

Thin-film 40 100 MHz 12 13
hybrid to 2.0 GHz

To reject the wideband noise generated by the amplifier chain, tuned cavity resonators
were designed and placed following each of the wideband amplifiers. The first cavity is a
TE(1, 0) mode wave guide resonator, one guide wavelength long, short-circuited at both ends.
The second cavity was designed in the same manner, except that it Was made three guide
wavelengths long to minimize direct coupling between the input and output probes. These
cavities, with Q's over 5000, have proven to be very effective in rejecting the amplified
wideband noise. The final cavity, at the end of the chain, is a TEM mode cavity one-half
wavelength long. Some additional parameters of these filters are listed in Table 2.

Table 2
Waveguide Cavity Resonator Parameters

1 Bandwidth Insertion Loss
Cavity Mode I (kHz) (dB) Coupling

TE (1, 0) 250 kHz 2.4 Voltage
(Q= 5000) probe

TEM 4.7 MHz 4 Current
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ l o o

The overall amplifier noise figure was calculated as follows:

F = F1 + (F 2 - 1)/G1 + (F3 - 1)/G1 G2 +
where F = overall noise factor

Fi =noise factor of ith stage
G;= power gain of ith stage
F= 2.2 + (16- 1)/12.5 + (16- 1)/12.5(104)
F = 2.2 + 1.2 = 3.4

FdB = 10 log1 0 F = 10 log1 0 3.4 = 5.3 dB

Further improvements in this parameter could be made; however, the noise figure of 5.3
dB is sufficient to enable the device to function.
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LOOP SELECTIVITY

The loop-transfer function necessary to sustain a stable output at the divided frequency
is provided by the selectivity of the tuned cavity at the output of the mixer. A quarter-
wavelength reentrant cavity with a maximum Q of 1500 was initially tried. Tests of this
circuit installed in the loop produced spectra a and b of Fig. 2. The large sidebands of
noise not rejected by this filter, and apparent in the figure, produced an unacceptable
degradation in the stability of the output. Frequency measurements of the output made on
a computing counter showed a stability of only one part in 104 for a ten-second averaging
period.

V= 10dB/cm Q= 200 V; 10dB/cm Q= 1500
H= 300kHz/cm S/N= 28dB H= 300kHz/cm S/N=3OdB
f0= 473." MHz ft 473. MHz

V = 10 dB/cm (c)
H = 300 kHz/cm
f0Z 473.M Hz

Q= 3200 V = 10 dB/cm
Low oer fIux H = 300kH/cm
S/N =34dB fo0 473. MHz

Fig. 2 - Output spectra of translator

Q: 3200
High maser flux
S/N= 42dB
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To increase the selectivity of the loop, a TE(1, 0) mode half-wavelength resonator was
designed and installed. Its Q could be varied from 3000 to 8000, depending on the insertion
loss which could be tolerated. Tests with this cavity in the loop produced spectra c and d
shown in Fig. 2. Figure 3 is a histogram of frequency measurements made on this output
for a ten-second averaging time. Note that the standard deviation of 100 samples is 2.47
millihertz, or about 5 parts in 1012. This stability is comparable with that obtained by
phase locking a crystal oscillator to the maser reference.
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FREQUENCY (MILLIHERTZ)

AVERAGE FREQUENCY f =473.46858389135 MHz
0' =2.47 mHz
or(Af/f) =s x o 012

Fig. 3 -Histrogram of frequency measurements made on translator output

APPLICATONS

One application of the maser translator is shown in Fig. 4. A synthesizer driven from
a quartz-crystal variable-controlled oscillator (VCXO) is employed to produce an output
frequency which differs from the translator output by 500 MHz. The translator and syn-
thesizer outputs are mixed and filtered to produce a 500-MHz output (f) This output is
further divided (fu) until it equals the quartz-crystal VCXO frequency. When this signal
and the VCXO output signal fo are compared'in a phase detector, a voltage is produced
which can be used to complete the VCXO control loop. If Af is the frequency deviation
of the VCXO output, and if all other sources of error in the loop are assumed to be zero

4



NRL REPORT 7858

for purposes of analysis, then an error analysis around the loop shows that

mfo = mf± + mAf

fx = mfo + fH/3 = 500 MHz ± mAf

fu = fx/N = 5 MHz ± mAf/N

fo = 5 MHz Af

A0/AT = f = - +f Af(1-m/N) +Af,

where m is the synthesizer ratio (5.306. . .); N is the divider ratio (100); f, is the unper-
turbed VCXO output frequency (5 MHz); and fH is the maser frequency (1420.40575178
MHz). This analysis shows that the rate of change of the phase-detector output is propor-
tional to the deviation of the VCXO output.

LL M~~teouptfreunyo crsa osilao

]=BONTROLLED |o f |H/3 McH

iFEEDBACK ||500-M4Hz|
FLizE| FILTERl

~~ =Mf0 - fH~~~~~fcfH±M50- f

A fr -ft Af(-m)±MoFFR OUTPUT

I PHASE ,4 IVIDE
DET -( ,.100)

Fig. 4 - Block diagram of translator in a phase-locked loop to control
the output frequency of a crystal oscillator

Figure 5 shows a conventional control loop such as is presently employed to lock a
VCXO to a maser. Here an error analysis shows that

Mfo = Mfc - Miff

fu = Mfo fH =Mfe fH -+ MAf
fr =mfo= (fc - Af)m

AO0/AT =fr - fu = ±Af(M m) = ±M~f,

where M is the frequency-multiplication factor (284); m is the synthesizer ratio selected,
such that f,/m = Mf - fH (0.0811); and f, is again the unperturbed VCXO output
frequency (5 MHz). In this case, the phase-detector output is proportional to MALf Since
M is typically 280 for this method, the translator method (Fig. 4) provides a reduction in
the instability of the error signal applied to the loop filter of approximately 48 dB.
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Fig. 5 - Method presently used to control the frequency of
a crystal oscillator with a hydrogen maser

Some additional advantages of the translator in this circuit are: (a) no L-band local
oscillator is needed, (b) no frequency multipliers are required, and (c) a high-stability uhf
frequency of 500 MHz is available as a direct output.

Figure 6 shows the translator as it is assembled in the laboratory. On the left is the
low-frequency cavity, which provides the selectivity for the loop. At the bottom are two
of the tuned cavities in the amplifier chain of the maser signal. The two devices mounted
on the left end of the top panel are the wideband thin-film amplifiers, and to the right of
them are the frequency doubler and the balanced mixer. The remaining hardware consists
of loop amplifiers tuned to 473 MHz and associated power supplies.

CONCLUSIONS

The use of the translator divider provides a high-frequency (473.46858389135 MHz),
spectrally pure signal, generated directly from the hydrogen maser output without the
necessity of a transfer oscillator. Significant improvement in spectral purity can be realized
through the use of the translator technique rather than conventional oscillator multiplier
techniques.

RECOMMENDATIONS

1. Development of the frequency translator should be continued to reduce the
physical size of the system.

2. A direct-synthesis system should be developed to operate in conjunction with the
translator, to produce outputs as required over the spectrum.

6



NRL REPORT 7858

3. Developments should be conducted toward incorporating the translator function
within the physical assembly of the maser.

4. Utilization techniques should be developed to produce maser-controlled, spectrally
pure signals at higher microwave frequencies.

Fig. 6 - Translator assembled in laboratory
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